The spatial distribution of organosulphur compounds throughout the onion ( Allium cepa L.) plant body during reproduction is of ecological and horticultural interest. These secondary metabolites are associated with both pest resistance and many of the vegetable's culinary and medicinal properties, including the ability to inhibit platelet aggregation. Inhibition of platelet aggregation can be of benefit to human cardiovascular health. Organosulphur compound concentrations are associated with elemental sulphur, pungency, soluble solids and effect on human platelet aggregation. These parameters were evaluated in extracts collected separately from bulb scales, leaf blades, scapes and umbels biweekly throughout the reproductive phase of the life cycle of the onion. Significant variation in pungency, platelet inhibition, total sulphur content and soluble solids existed among samples of organs and within organs over time during reproductive growth. Furthermore, some extracts from leaf, scape and bulb induced rather than inhibited platelet aggregation.
INTRODUCTION
The secondary organosulphur compounds of Allium species have made this genus important medicinally and economically (Augusti 1990; Block 1992) . It is these compounds that are responsible for the pungent flavour and aroma of onions. Thiosulphinates, the predominant flavour compounds in raw onion (Block 1992) , are formed when the flavourless S -alk(en)yl-L -cysteine sulphoxides (ACSOs) are lysed by the enzyme alliinase upon tissue disruption (Fig. 1) . The initial products of this reaction are sulphenic acids, pyruvate and ammonia. Depending on the alk(en)yl substituent present, sulphenic acids condense in pairs to form thiosulphinates or rearrange to form thiopropanal sulphoxide (lachrymatory factor), the compounds giving rise to the sensations of onion pungency (Block 1992) . Pungency is used to assess the culinary quality of onions. The quantity of pyruvate produced when onions are juiced is typically used to measure pungency (Schwimmer & Weston 1961) .
Pungency may also be an indicator of medicinal quality of onion cultivars because many organosulphur compounds present in fresh onion and other economically important Allium species exhibit cancer preventive (Block 1994) , antibacterial (Yoshida et al . 1999 ) and antiviral properties (Weber et al . 1992) . Previous studies have supported the potential of onions ( Allium cepa L.) and other Allium vegetables as foods capable of improving cardiovascular health (Augusti 1990) . Onion extracts inhibit platelet aggregation in vitro (Srivastava 1984; Goldman et al . 1996) and in vivo (Briggs et al . 2001) . Platelet aggregation plays a critical role in many acute cardiovascular syndromes such as myocardial infarction (Davies & Thomas 1984) . If increasing the quantity of onion in the diet can curb aggregation as extracts do in vitro , the occurrence of platelet-related disorders may be reduced, subsequently increasing the medicinal and economic value of the crop. Thiosulphinates found in onion have been shown to inhibit in vitro platelet aggregation (Morimitsu, Morioka & Kawakishi 1992; Briggs et al . 2000) . Intragastric administration of raw onion inhibited platelet-mediated thrombosis in the coronary arteries of dogs (Briggs et al . 2001) .
Studies on the organosulphur content of onion and related economic properties have focused on the bulb. Onion has a biennial life cycle. Typically, bulbs are grown for consumption from seed and harvested when the foliage leaves senesce at the end of the first growing season. Reproductive structures are not usually produced during this time (Rabinowitch 1990 ). If flowering is desired, the bulbs are vernalized for 25-27 weeks at 4 ° C and planted during the next season. Umbels sampled at >50% flowering in a previous study were considerably more potent inhibitors of in vitro platelet aggregation than bulbs (Goldman 1996) . Sulphur content and sulphur-related traits of onion sprouts and non-bulb onion organs from the reproductive phase of the life cycle have not been studied otherwise.
ACSO 'flavour precursors', γ -glutamyl peptides and alliinase have been studied in various tissues during prereproductive ontogeny. Onion seeds contain trace amounts of alliinase and undetectable levels of ACSOs (Freeman 1978) . They do have γ -glutamyl peptides (Virtanen 1965) , intermediates in ACSO biosynthesis. Both potential alliinase activity and ACSO concentrations rise rapidly during seedling development (Freeman 1978; . Lancaster, McCallion & Shaw (1986) found that new leaf blades contain ACSOs, which subsequently decrease in concentration as the accompanying leaf base (bulb scale) develops. Older scales contain lower ACSO levels than those that have newly formed on the inside of the bulb. They postulate that ACSOs are recycled from leaf blades to accompanying bulb scales to inner bulb scales. As the plant continues to develop past the seedling stage, there is a reduction in total ACSO content by midseason with little increase by maturity (Lancaster, McCallion & Shaw 1984) . During bulb sprouting at the end of vernalization there is an increase in γ -glutamyl transpeptidase activity (an enzyme involved in ACSO biosynthesis) and a decrease in γ -glutamyl peptides in the bulb (Lancaster & Shaw 1991) . There is not a corresponding rise in the level of ACSOs in this tissue, suggesting that there may be mobilization of these compounds to developing leaf blades or inflorescences. The oscillation in the organosulphur content of onion plants suggests that the culinary and medicinal properties of a tissue sample may depend on the organ harvested and its stage of development.
The existence of Allium organosulphur compounds is generally suspected to be for defence against pests and predation (Fenwick & Hanley 1985; Nowbahari & Thibout 1992) and/or storage of nitrogen and sulphur (Lancaster & Boland 1990) . In relation to both of these possibilities, it is interesting to trace sulphur levels in each plant organ throughout development. The reproductive phase of the onion life cycle begins with the emergence of leaf blades from the vernalized bulb followed by scapes each bearing a single umbel (Fig. 2) . As the scapes elongate, the fleshy outer scales of the bulb become dry. The leaf blades senesce when flowering peaks and are completely dry by seed set. In this study, total sulphur content, pungency (pyruvate concentration) and antiplatelet activity of extracts from different organs were evaluated biweekly during the reproductive phase of the life cycle. These measurements were also made on extracts from 10-day-old onion sprouts derived from seeds produced in the umbels because potential alliinase activity and ACSO concentrations rise rapidly at cotyledon emergence.
The soluble solids content of extracts was also evaluated as this trait is related to processing quality and flavour fructans (Darbyshire & Henry 1979) . The majority of soluble solids in onion bulbs are free carbohydrate monomers and low molecular weight polymer. Bulbs with higher soluble solids have a higher ratio of fructans to monomers. Darbyshire & Henry (1978) suggested that bulb swelling takes place because of rapid increases in indoleascetic acid levels and the osmotic adjustment that results from fructan hydrolysis to fructose. As a consequence of bulb water uptake, the concentration of solutes such as ACSOs may be decreased. This has been suggested in view of the significant phenotypic and genetic correlations between soluble solids, pungency and platelet inhibitory activity measured in bulb extracts Galmarini, Goldman & Havey 2000) . It has been hypothesized that onion bulbs with greater amounts of soluble solids would have less water. Bulbs having a lower water content would therefore have a greater concentration of organosulphur compounds and higher antiplatelet activity.
MATERIALS AND METHODS
Seed of the male-fertile yellow storage onion inbred line W441B was sown in April 1998 at Randolph, WI. Bulbs were harvested the following August and vernalized at 4 ° C in mesh bags. Thirty-two weeks later, 56 bulbs were brought to the Asgrow Seed Co. onion breeding nursery in Deforest, WI and planted in a completely randomized split-plot design with replicates within weeks as the whole plots and organs as subplots. The bulbs were located in an isolation cage that prevents the transfer of pollen from other onion plants outside the experiment. Honey bees ( Apis melifera ) were introduced into the cage for pollination when the flowers were beginning to open at week 11.
Two replicates of four whole plants were collected randomly at 0, 8, 10, 12, 14, 16 and 18 weeks following planting Figure 1 . Schematic of sulphur incorporation into S -alk(en)yl-Lcysteine sulphoxides (ACSOs, Allium flavour precursors) and subsequent transformation products following cleavage by alliinase in freshly cut onion tissues. R -substituents include methyl, propyl, 1-propenyl, and 2-propenyl. The 1-propenyl, propyl and methyl substituents are predominant in onion, whereas 2-propenyl and methyl-containing compounds are more prevalent in garlic. and transported to the laboratory for immediate processing. The four plants in each replicate were cut together and separated into four portions: bulb scales, foliage leaves, scapes and umbels. Half of each portion was weighed, lyophilized and weighed again to determine the percentage of dry weight (total solids). Dry samples were then ground to a powder and analysed by ICP-AES at the University of Wisconsin Soil and Plant Analysis Laboratory (Madison, WI) to determine total sulphur content. The remaining fresh tissue was juiced using a commercial juicer. Extracts were incubated at 22 ° C for 20 min. Subsequently, the extracts were centrifuged twice at 4000 × g for 10 min at 4 ° C to remove pulp. Supernatants were transferred to fresh tubes and stored at − 80 ° C until all samples were collected. At 18 weeks, 50 seeds were taken at random from the umbels of the plants collected and transferred to containers filled with 37 ° C distilled water. After soaking for 24 h the seeds were transferred to tissue culture flasks filled with 37 ° C distilled water. After soaking for 24 h the seeds were rinsed, spread into a single layer and stored at room temperature in the dark for 9 d with daily misting. The resulting sprouts were separated from the remaining seed coat and juiced.
Pungency was evaluated by measuring the quantity of pyruvate present in extracts as described (Schwimmer & Weston 1961; Randle & Bussard 1993) . Values are expressed as the mean of the two replicates (one from each group of four plants) for each organ at each time point.
In vitro platelet aggregation was measured using a whole blood electrical impedance aggregometer (Chrono-log Corp., Havertown, PA, USA). Blood was drawn from four healthy human donors that had abstained from eating large quantities of Allium vegetables for 2 d, were not taking drugs known to affect platelet aggregation and had not taken aspirin for 1 week. Donor recruitment and venipuncture were in accordance with University of Wisconsin Health Sciences Human Subject Committee protocol 199-153. Blood preparation and aggregometry were performed as previously described (Briggs et al. 2000) . Aggregation was induced by collagen (5 µ g mL − 1 ). All extracts were tested twice with each donor's blood. The effect of each extract on aggregation is expressed as the percentage change in aggregation from a control to which an equivalent amount of buffer was added in place of extract. Extracts with negative percentage change values inhibited aggregation whereas those that were positive were stimulatory. Means across the four donors are reported.
Soluble solids were measured twice for each extract using a drop of sample, as described by Mann & Hoyle (1945) . Data are expressed as the percentage soluble solids averaged for the two replicates for each organ at each time point.
The data were analysed as a split plot experiment with replicates within week as whole plots and organs as subplots using the SAS system for Mixed Models (Littell et al . 1996) . Whole plots were completely randomized. Organ and week were considered fixed effects and replicate within week was analysed as a random effect. Donor was included as an additional random effect in the analysis of the platelet aggregation data. The 'slice' option was used to evaluate the changes in parameters in a single organ across sampling times using least squares estimates.
RESULTS
Eight weeks after bulb planting, leaf blades (foliage leaves) and scapes bearing umbels enclosed in spathes had fully emerged (Fig. 2) . By week 10, the outer bulb scales not bearing foliage leaves had senesced. Spathes were beginning to open revealing flower buds. Approximately half of the flowers in each umbel were open at week 12. Umbels that were tasted at this stage had an extremely harsh spicy onion flavour. The foliage leaves had completely senesced by week 14 preventing further collection of extract from this organ. The flowers were fully dehiscent at this time. At week 16, flowering was complete and seed formation had commenced. The seed was mature by week 18. Ten days after soaking, sprouts had emerged from the mature seed. They were pale yellow and approximately 5 cm in length, having the flavour and texture of alfalfa sprouts accompanied by a mild onion flavour.
Pyruvate concentrations in the pungency analysis ranged from 1·1 to 17·1 µ moles mL − 1 extract (Fig. 2) . The greatest changes were seen in umbel extracts, which increased sharply in pungency from weeks 10-12 ( P -value of the difference in LS means < 0·0001) and then decreased significantly from weeks 12-14 ( P < 0·001). Bulb pungency dropped by more than 50% from weeks 0-8 and then stabilized. Concentrations of pyruvate in leaf and scape extracts did not change significantly.
There was no significant donor covariance in the platelet aggregation analysis ( P = 0·12). Variability in the effect of extracts on platelet aggregation within all organs over the sampling times was significant (all P < 0·0001). Bulb extracts had significant antiplatelet activity at the end of vernalization (week 0), inhibiting aggregation by 63% (Fig.  3) . All subsequent bulb samples were not inhibitory relative to control. Extract from week 14 stimulated aggregation beyond collagen induction in a parallel control rather than inhibiting and was therefore considered significantly pro- aggregatory ( P = 0·004). All leaf and scape samples were also pro-aggregatory. Extracts from leaves stimulated aggregation significantly from 10 to 12 weeks (both P < 0·004) with a significant drop in induction over the period ( P < 0·001). Leaves at 10 weeks produced the most stimulation of any sample, increasing aggregation beyond that induced by collagen by 238%. Scape samples became significantly pro-aggregatory by week 10 and increased to maximum stimulation of aggregation at week 16. By contrast umbel extracts went from no significant effect on aggregation at week 8 (< 1%) to almost complete inhibition at week 12 (> 99%). Onion sprouts inhibited aggregation by 84%. Pungency and effect on platelet aggregation were significantly correlated (Table 1) . However, unlike the differences in pro-and antiplatelet activity of leaves, scapes and umbels, pungency measurements of extracts from the three tissues are in closer range of each other.
The percentage sulphur measured in the total mineral analysis of bulb samples decreased significantly ( P = 0·006) from week 0 to week 8 (Table 2) . Sulphur content peaked in umbels at week 10 and then decreased significantly ( P < 0·0001). There were no total sulphur measurements for week 8 or sprouts. Sulphur content was correlated with pungency and effect on platelet aggregation (Table 1) .
There were no significant changes in soluble solids for leaves and scapes ( Table 2 ). The percentage of soluble solids in bulbs was greater than in both leaves and scapes. Soluble solids in umbel extracts increased significantly from weeks 10-12 ( P < 0·0001) and then decreased significantly from weeks 16-18 ( P = 0·006). Soluble solids were significantly correlated with pungency, effect on platelet aggregation and sulphur content (Table 1) .
Umbels had significantly ( P < 0·0001) higher total solids than the other organs ( Table 2 ). The percentage dry mass of umbels increased from weeks 10-18. Total solids were correlated only with soluble solids and platelet aggregation (Table 1 ). There were no total solids measurements made for samples collected at week 8 and sprouts
DISCUSSION
The reduction of in vitro antiplatelet activity of onion bulbs occurred together with a concomitant decrease in pungency and total sulphur. This suggests that organosulphur products of the lysis of ACSOs can affect platelet aggregation, as has been confirmed in other in vitro studies (Briggs et al . 2000) . Likewise, the increase in umbel antiplatelet activity was accompanied by a rise in umbel pungency. This is in agreement with the significant overall correlations between extract pungency, effect on platelet aggregation and total sulphur content. Pyruvate concentration in umbels during weeks 14-16 were close to those in leaves and scapes for weeks 8-12, yet the same leaf and scape extracts were proaggregatory whereas umbels were significantly anti-aggregatory. This suggests that umbels contain platelet inhibitory factors other than products of ACSO lysis and/or leaves and scapes contain pro-aggregatory substances. Onion bulbs contain flavonoids that can inhibit aggregation as well as prostaglandins capable of inducing platelet aggregation (Fenwick & Hanley 1990) . These compounds may be present at higher concentrations in umbels or leaves and scapes, respectively. The highly pro-aggregatory extracts had large standard errors in aggregation assays. This may have been due to saturation of the electrodes and the presence of platelet masses within the cuvettes due to the large amount of platelet aggregation. The traits evaluated in this study were significantly correlated with the exception of pungency and total solids. Galmarini et al . (2000) found that antiplatelet activity, pungency, soluble solids and total solids were all significantly correlated with each other for bulbs from massed F 3 families derived from a cross between phenotypically divergent parents. A molecular marker linkage map constructed with these families was used to identify genetic loci responsible for variation of these traits. These authors found that one locus explained a significant proportion of the variation for inhibition of platelet aggregation, soluble solids and pungency, suggesting pleiotropy or linkage of genes affecting the traits. An expressed sequence tag from this locus showed significant sequence homology to an acid invertase involved in fructan polymerization.
The flux in pungency, sulphur content and effect on platelet activity in the whole onion plant may be partly due to transport of ACSOs between tissues or degradation and synthesis of ACSOs. It has been suggested that the existence of ACSOs may be for storage of sulphur and nitrogen or for defence against pests (Fenwick & Hanley 1985; Lancaster & Boland 1990) . The pungency data could contribute to either of these theories. ACSOs stored in the bulb during vernalization could be transported to growing leaves, scapes and umbels. The umbels might need additional reserves of nitrogen and sulphur for pollen production, synthesis of pollinator attractants and seed production. As a defence against pests, mobilization of ACSOs could improve survival and fitness of the onion plant. During vernalization, the bulb would be protected by the ACSOs. Organosulphur compounds would be useful in warding off animals that would attack newly emerging fleshy tissues such as leaves and scapes. High pungency in seedling sprouts and umbels containing developing seeds would improve progeny survival.
Successful harvest of platelet-inhibitory onion tissues would depend on the flux in platelet inhibition. Both the significant changes in platelet-inhibitory potential of different organs over time and the pro-aggregatory effect of some extracts (Fig. 3) demonstrate the serendipitous nature of this trait. Changes in inhibition of platelet aggregation appear to be due to a flux in organosulphur compounds within the plant body. The pro-aggregatory activity of some extracts may be due to synergism with collagen. Tests should be performed to determine whether these extracts induce aggregation in the absence of a platelet agonist such as collagen. Aside from bulbs that have not entered the reproductive phase, umbels and sprouts have the greatest antiplatelet potential of the onion tissues tested. Typically, just the bulb and foliage leaves of onions in the first season are eaten by humans. Bulbs are only planted for the production of seed. Flowers of other Alliums such as the Chinese chive ( Allium tuberosum ) are consumed (Jones & Mann 1963 ). Production of umbels solely for their healthrelated properties would not be lucrative in terms of the expenditures required. However it may be possible to save the umbel tissue discarded by onion-seed producers. Onion sprouts have potential as a fresh market commodity with added health benefits. The current high cost of onion-seed production may prevent sprout production from becoming an economic reality.
